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Magnetic tunnel junctions ͑MTJ͒ are presently receiving widespread attention due to their strong tunneling magnetoresistance properties and are being developed for applications in magnetic random access memory systems and sensors. 1, 2 Since there is evidence that transport through oxidized ferromagnetic metals is nonspin-conserving, 1 it is necessary to employ deposited barriers in MTJ applications. While many systems have been studied, 3 oxidation of deposited Al layers has been the most successful. [1] [2] [3] [4] [5] In the initial MTJ efforts, the deposited Al layer was comparatively thick, Ͼ1 nm. Thus, the possibility of incomplete coverage of the base electrode and the resultant formation of either ''pinholes'' through the barrier or nonspin-conserving magnetic oxide ''dead spots'' was not a concern. However, for submicron MTJs, it is necessary for the tunnel barrier to be thinner so that the resistance does not rise too high. Certainly as the deposited Al barrier layer thickness begins to approach 0.5 nm, questions as to the completeness of the barrier become urgent. 3, 4 We report on initial results from a ballistic electron emission microscopy 5, 6 ͑BEEM͒ study of ultrathin oxidized aluminum tunnel barriers. In BEEM, a scanning tunneling microscope ͑STM͒ tip is used to locally inject a hot-electron current I t into a thin metal film grown on a semiconductor substrate. A fraction of these injected electrons will transport ballistically through the metal overlayer and into the underlying substrate where they are measured as the collector current I c . I c is then displayed as a function of tip position to create a spatial map of ballistic current transport through the thin film and across the metal-semiconductor interface. In our studies, a thin tunnel barrier is inserted into a thin metal film forming a metal-oxide-metal-semiconductor system. With this technique not only can the transmission properties of the tunnel junction be investigated with high spatial resolution, ϳ1 nm, but by varying the tip bias V t the energy dependence of this transport can also be studied.
BEEM has several distinct advantages in comparison to other scanned probe techniques that can be used to microscopically examine tunnel junction barriers, such as conducting-tip atomic force microscopy ͑AFM͒ of an MTJ 7 and direct scanning tunneling spectroscopy studies of an exposed surface of a barrier layer. 8 With BEEM, there is not a concern about the possibly variable nature of a conducting AFM tip contact, nor about possible deleterious effects of the high electric fields generated by the tip across the tunnel barrier. BEEM spectra are also more straightforward to interpret quantitatively with respect to barrier height determinations than are tunneling spectroscopy measurements of a combined vacuum-oxide barrier. Furthermore, with BEEM there is no question about the ballistic nature of the injected current as it transits the barrier layer. Using this technique, we have measured and imaged the properties of aluminum oxide (AlO x ) tunnel barriers formed by the thermal oxidation of a thin Al layer deposited either by magnetron sputtering 9 or by ultrahigh vacuum ͑UHV͒ evaporation. The first step in the formation of our samples is the thermal deposition of a thin Au film on a Si ͑111͒ substrate to form a high quality Schottky barrier interface. For the tunnel barrier systems formed by evaporation, the next step is the deposition of a thin Cu ͑1.2 nm͒ seed layer and a Co ͑1.2 nm͒ base electrode layer, on top of which a variable thickness Al tunnel barrier layer is deposited. This Al layer is then oxidized, at ϳ300 K, by exposure to either a reduced atmosphere of O 2 or to air. Previous studies have clearly shown that for Al layers less than 1 nm, this oxidation method is as effective as the plasma oxidation process that is generally required to fully oxidize thicker tunnel barriers. 3, 10, 11 The oxidized Al is then overcoated with Co and Cu layers, completing the device structure. All evaporations are performed in UHV at pressures р5ϫ10 Ϫ10 Torr with the substrate nominally at room temperature. Alternatively, for sputter deposited barriers the Au-Si wafer is removed to a separate vacuum system where the Cu/Co/Al layers are sputtered onto the wafer. The top Al layer is oxidized in the same fashion as the evaporated junctions and then sputter coated with Co and a Au passivation layer before transferring the sample back into the UHV STM/BEEM system for study.
In the absence of a tunnel barrier layer, I c is an increasing function of V B for voltages above S ϭ0.82 eV, the Schottky barrier height for a Au/Si ͑111͒ interface. A typical current value for samples having a 2.4 nm total Co thickness is I c /I t ϳ2 pA/nA with V b ϭϪ1.5 V. 6 Since the practical detection limit of the BEEM system is ϳ1 fA, the ballistic current transmission probability through the barrier layer a͒ Electronic mail: rab8@cornell.edu APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 11 12 MARCH 2001 must be у0.001 in order to obtain a measurable I c . Thus, for an injection bias less than the tunnel barrier height tb a measurable BEEM current is expected only if the local barrier is very thin, ϳ1 mL, or nonexistent ͑pinhole͒. Once the V B Ͼ tb the ballistic electrons can transit the barrier layer via the ''conduction band'' of the AlO x and a large increase in I c results. However, even when V t Ͼ tb there will still be substantial attenuation of I t due to either interfacial scattering or due to specular reflection resulting from the bandstructure mismatch between the ferromagnet and the conduction band of the oxide.
In Fig. 1͑a͒ we show a representative BEEM image from an evaporated 6.5Ϯ0.5 Å Al sample where the Al layer has been oxidized in O 2 ͑90 mTorr, 10 min͒. The very uniform image is typical of all those obtained from thermally deposited AlO x barriers of this and greater thicknesses, including those oxidized in air. We note however that our measurement is not sensitive to variations in the thickness of fully formed barriers, so Fig. 1͑a͒ is indicating the presence of a barrier of uniform height, not necessarily one of uniform thickness. In Fig. 1͑b͒ we show a BEEM image from a 4.5 Ϯ0.5 Å Al sample oxidized under essentially the same conditions as the Fig. 1͑a͒ sample. Here we see significant variations in the ballistic transmissivity of the barrier layer with the presence of a number of ''weak spots'' in the barrier. From these, and many other similar samples, we conclude that a continuous barrier is formed by the evaporation of ϳ6.5 Å of Al, whereas a nonuniform or discontinuous barrier is formed by the thinner Al ϳ4.5 Å evaporations.
Typical BEEM spectra ͑I c vs V t at constant I t ͒ taken on the samples of Fig. 1 are shown in Fig. 2 . For the 6.5 Å oxidized Al sample there is no detectable I c until V t ϳ1.2 eV, above which I c increases in a manner similar to that for ballistic transport across a metal-Si Schottky barrier. For the thinner oxide barrier, the spectra obtained from the majority of the sample ͑solid curve͒ are very similar to those from the thicker oxide. The spectra taken at the weak spots, an example of which is also given in Fig. 2 , are essentially identical in form to those obtained from similar samples in which the Al layer is left unoxidized, showing a single onset at S ϭ0.82 eV. However the magnitude of I c at the weak spots is reduced from unoxidized samples by about a factor of 3, indicating strong interfacial scattering at these locations, likely resulting from the presence of a very thin AlO x layer. ͑Experiments, which we will discuss elsewhere, strongly indicate that these weak spots are not, in general, locations where exposed Co has been oxidized.͒
The BEEM spectra onsets can be rather well fitted by a model 12 developed to describe the onset of hot-electron transmittance across a metal-semiconductor interface in the case of isotropic elastic scattering at that interface. From these fits we obtain an effective AlO x tb Ϸ1.22Ϯ0.05 eV. As the same value for tb is found for AlO x junctions of 4.5 and 6.5 Å thickness, we conclude that the barrier is, at least locally, fully formed even at Al coverages of only ϳ2 MLs.
Although not shown here due to space considerations, we have found the effective barrier height to be independent of AlO x thickness and oxidation conditions. We conclude that these measurements represent a well-defined value of the effective barrier height. We attribute this low barrier height, in comparison to what would be expected with crystalline Al 2 O 3 , to disorder and oxygen vacancies resulting from the low temperature ͑ϳ300 K͒ oxidation process.
When magnetron sputter deposition 9 is employed to prepare the samples, the results are somewhat different. In Fig.   FIG. 1 . ͑a͒ BEEM image of an evaporated Cu ͑30 Å͒/Co ͑12 Å͒/oxidized Al ͑6-7 Å͒/Co ͑12 Å͒/Au ͑75Å͒/Si tunnel junction sample. I c is represented in a linear gray scale ranging from 0 fA ͑black͒ to 250 fA ͑white͒. ͑b͒ BEEM image from an analogous sample with a thinner oxidized Al ͑4-5 Å͒ tunnel barrier. Gray scale range is from 0 to 1.5 pA. For both images V t ϭϪ3 V and I t ϭ1 nA.
FIG. 2.
Representative I c (V t ) curves from the samples in Fig. 1 ͑as indicated in the legend͒. The scale for the curve taken over a weak spot in the junction is shown on the left side of the graph and the scale for the other curves is shown on the right. Curves taken with I t ϭ1 nA.
3͑a͒, we show a BEEM image from a sputtered sample in which an 11 Å Al layer has been oxidized in O 2 ͑100 mTorr, 12 min͒. The transmission through the barrier layer appears very uniform with no indication of any weak spots or pinholes. The overall lack of weak spots in this junction has been confirmed by images taken at numerous locations over the sample. A representative spectroscopy curve from this sample is shown in Fig. 4 . As was the case in the evaporated AlO x samples, tb is determined to be 1.22 eV.
A representative BEEM image from a thinner sputtered sample ͑Al 7 Å͒ oxidized in O 2 ͑100 mTorr, 15 min͒ is shown in Fig. 3͑b͒ . Unlike the Al ϳ6.5 Å barriers formed by evaporation, here the barrier layer is very nonuniform with a widely varying transmissivity. There is a high density of weak spots whose spectra, as illustrated in Fig. 4 , are the same in form as those of the weak spots seen in Fig. 1͑b͒ . Again, the shape of these spectra are the same as those from analogous samples where the Al layer is left unoxidized, albeit with a significantly reduced transmissitivity, roughly by a factor of 3. This again suggests the presence of an ultrathin oxide layer that strongly scatters the ballistic electron beam but which is not thick enough to provide a true potential barrier. BEEM spectra taken at positions of low I c show more complicated behavior than the previously discussed curves. Since there is a strong increase in I c at an energy ϳ1.2 eV, a tunnel barrier must be at least locally present in this sample. However, a measurable I c is also passed through the sample with V t Ͻ tb . We conclude that results from a relatively high probability of electron tunneling through a very thin AlO x barrier. As similar curves are obtained from samples which have been oxidized by much more prolonged exposures to atmosphere, this must be a property of the AlO x junction and not simply a result of only poor oxidation of the Al. We interpret the differences in transport of the sputtered films as resulting from energetic ion induced mixing of the Al layer with the surface of the Co base layer. Strong evidence for this process has been observed recently in analytical scanning electron transmission microscopy studies. 13 This makes it less feasible to form a complete tunnel barrier with very thin sputtered Al layers, and may also account for the high transmissivity of the thin sputtered barriers below tb . Of course sputtering processes depend critically on process parameters and different sputtering and oxidation conditions could well give different results. FIG. 3 . ͑a͒ BEEM image of sputtered Au ͑30 Å͒/Co ͑12 Å͒/oxidized Al ͑11 Å͒/Co ͑12 Å͒/Au ͑75Å͒/Si tunnel junction sample. I c is represented in a linear gray scale ranging from 0 fA ͑black͒ to 250 fA ͑white͒. ͑b͒ BEEM image from an analogous sample with a thinner oxidized Al ͑7 Å͒ tunnel barrier. Gray scale range is from 0 to 1 pA. For both images V t ϭϪ3 V and I t ϭ1 nA.
FIG. 4.
Representative I c (V t ) curves from the samples in Fig. 3 ͑as indicated in the legend͒. The scale for the curve taken over a weak spot in the junction is shown on the left side of the graph and the scale for the other curves is shown on the right. Curves taken with I t ϭ1 nA.
